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on the streak camera screen were caused by trigger imper-
fections.This allowed us to find the zero dipole moment
time point for each profile and assign t=0 to it.

The instability amplitude and phase at the moment of
the streak camera shot were obtained from the scope traces
(Fig. 4). To eliminate extraction related effects the last
20% of each trace was discarded and the rest was digitally
filtered to reduce the noise (filtering details aren’t impor-
tant). We defined the phase of instability based on zero
crossings of the filtered signal. For the amplitude we
picked the maximum deviation of that signal in the 20µs
region centered at the shot moment. Of course, the phase
makes sense only when the amplitude is large, i.e. a burst
and the shot coincide.

4  MAIN RESULTS

We ended up with a few hundred streak camera pro-
files each tagged with the instability amplitude and phase
obtained from the scope traces. To study large amplitudes
we selected the profiles with the instability amplitude
between 20 and 40mV. Those 295 profiles were binned
according to their phases. The average shapes for the
+π/2±π/4 and -π/2±π/4 phase bins, and the overall average
profile are shown in Fig. 5. The main changes as the phase

varies happen near the top as well as about 30ps into the
head and into the tail. We found that the profile height at
those regions varied in a sine-like fashion versus instabil-

ity phase. Since this is a manifestation of the phase space
rotation we defined the instability structure as

, where are all

the profiles with corresponding phases , k=1,2,...295,

 is the phase-averaged profile (Fig. 5, solid) and angle

brackets denote the median value.
The structure obtained is plotted on Fig. 6. It is very

much like a projection of a quadruple mode (sketched in
the corner). The ratio of the positive peak area to the one
under  is about 3% which measures the amount of

redistributed particles creating the quadrupole structure.
 For the low amplitude case we found the average pro-

file, and it is similar to  for high amplitudes. That

means that the difference between the beam distributions
when the instability is high or low is less than our sensitiv-
ity and the characteristic feature size on Fig. 6.

5  SUMMARY AND CONCLUSIONS

 We have built a BPM signal processing circuit that
proved to be valuable for single bunch longitudinal diag-
nostics in a multibunch environment. Combining that
detector with the streak camera we have measured the
phase space features for the strongly developed saw-tooth
instability. The instability is predominantly quadrupole
and contains approximately 3% of the beam. In addition,
the average profile at large instability amplitudes is the
same as the distribution at small amplitude. These facts
make it likely that the instability can be interpreted with
perturbation techniques.

We plan to continue our instability studies with
upgraded hardware and with theoretical work.

REFERENCES

[1] K. Bane et al, Proc 1995 PAC, 3105 (1995).
[2] R.L. Holtzapple, Ph.D. thesis, Stanford University (1996).
[3] R.H. Siemann, AIP Conf. Proc. 184, 430 (1989).
[4] F.-J. Decker et al, Proc Linac 96, Geneva, 143 (1996).
[5] R. Baartman, M.D’Yachkov, Proc 1995 PAC, 3119 (1995).
[6] K. Bane, K. Oide, Proc 1995 PAC, 3112 (1995).
[7] A. Chao et al, Proc 1995 PAC, 3040 (1995).
[8] S. Heifets, Phys. Rev. E, 54, 2889 (1996).
[9] G. Stupakov et al, Phys. Rev. E, 55, #5, (1997).

Figure 4. Extracting the instability phase and
amplitude from the detector signal

Figure 5. High instability amplitude case: average
profiles for different instability phases
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Figure 6. High amplitude instability structure
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on the streak camera screen were caused by trigger imper-
fections.This allowed us to find the zero dipole moment
time point for each profile and assign t=0 to it.

The instability amplitude and phase at the moment of
the streak camera shot were obtained from the scope traces
(Fig. 4). To eliminate extraction related effects the last
20% of each trace was discarded and the rest was digitally
filtered to reduce the noise (filtering details aren’t impor-
tant). We defined the phase of instability based on zero
crossings of the filtered signal. For the amplitude we
picked the maximum deviation of that signal in the 20µs
region centered at the shot moment. Of course, the phase
makes sense only when the amplitude is large, i.e. a burst
and the shot coincide.

4  MAIN RESULTS

We ended up with a few hundred streak camera pro-
files each tagged with the instability amplitude and phase
obtained from the scope traces. To study large amplitudes
we selected the profiles with the instability amplitude
between 20 and 40mV. Those 295 profiles were binned
according to their phases. The average shapes for the
+π/2±π/4 and -π/2±π/4 phase bins, and the overall average
profile are shown in Fig. 5. The main changes as the phase

varies happen near the top as well as about 30ps into the
head and into the tail. We found that the profile height at
those regions varied in a sine-like fashion versus instabil-

ity phase. Since this is a manifestation of the phase space
rotation we defined the instability structure as

, where are all

the profiles with corresponding phases ,k=1,2,...295,

 is the phase-averaged profile (Fig. 5, solid) and angle

brackets denote the median value.
The structure obtained is plotted on Fig. 6. It is very

much like a projection of a quadruple mode (sketched in
the corner). The ratio of the positive peak area to the one
under  is about 3% which measures the amount of

redistributed particles creating the quadrupole structure.
 For the low amplitude case we found the average pro-

file, and it is similar to  for high amplitudes. That

means that the difference between the beam distributions
when the instability is high or low is less than our sensitiv-
ity and the characteristic feature size on Fig. 6.

5  SUMMARY AND CONCLUSIONS

 We have built a BPM signal processing circuit that
proved to be valuable for single bunch longitudinal diag-
nostics in a multibunch environment. Combining that
detector with the streak camera we have measured the
phase space features for the strongly developed saw-tooth
instability. The instability is predominantly quadrupole
and contains approximately 3% of the beam. In addition,
the average profile at large instability amplitudes is the
same as the distribution at small amplitude. These facts
make it likely that the instability can be interpreted with
perturbation techniques.

We plan to continue our instability studies with
upgraded hardware and with theoretical work.
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Figure 4. Extracting the instability phase and
amplitude from the detector signal

Figure 5. High instability amplitude case: average
profiles for different instability phases
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bands to high frequency revolution harmonics. This signal
is subsequently amplified, and higher order mixing prod-
ucts are removed by a low pass filter. During our experi-
ments the major settings were as follows. The central
frequency of the spectrum analyzer was set to the 1149th
revolution harmonic which is roughly 9.77 GHz. The span
was 500 kHz, and the resolution and video bandwidths
were 1 kHz. This results in the sweep time of 2 s and,
moreover, two subsequent sweeps were video averaged.
The oscilloscope was AC coupled. It was set to 1 ms/div
and the trace length was 2000 points.

The oscilloscope and the spectrum analyzer were con-
trolled through the GPIB bus from a UNIX host running
HP-VEE. This program was saving the data onto the local
disk and also communicated with the SLC control system
VAX via Ethernet. That host was in turn running the corre-
lation plot routine that recorded the values of the stored
current as well as various RF system parameters. In addi-
tion, prior to recording each data point the control system
was sending a trigger that we used for the oscilloscope.
The spectrum analyzer was free running but the HP-VEE
program guaranteed that the data was acquired synchro-
nously with the oscilloscope trace. This procedure allowed
us to attach the value of beam current to every pair of
traces recorded. The data taking rate was a fraction of a Hz
which was adequate for a typical beam lifetime of several
minutes.

3  MEASUREMENT RESULTS

In the course of our measurements several dozen beam
stores at various accelerating voltages were recorded. Each
store lasted about seven minutes that allowed initial beam

current of ~3.5×1010 ppb to decay roughly a factor of two
and to a value below the instability threshold. Detailed
analysis of the data including the dependence of instability
properties on the RF voltage will be presented elsewhere
[5]. In this paper we will illustrate some of the most inter-
esting aspects of our measurements using the data for the
RF voltage of VRF=690 kV as determined from the mea-
sured synchrotron frequency.

The typical spectrum analyzer sweep when the qua-
drupole mode of the instability is present is shown in Fig.
2. One can clearly see the instability sidebands to the revo-
lution harmonic displaced by about 160 kHz. This is
roughly 10% lower than twice the zero current synchro-
tron frequency at this RF voltage. To represent the change
of the instability spectrum with current we use a contour
plot of all the spectrum analyzer sweeps for each store as
shown in Fig. 3.

One can see how the instability jumps from sextupole

to a quadrupole mode in the region of 3.2-3.4×1010 ppb.

The quadrupole mode threshold is about 1.7×1010 ppb.
Note that other than this mode switching the instability
behavior with current seems to be mundane. The fre-
quency of the quadrupole mode is linearly decreasing at a

rate of ~5 kHz/1010 ppb. Such a behavior is usually attrib-
uted to the inductive portion of the ring impedance.

The picture, however, becomes more interesting if
along with the spectrum analyzer data we consider oscillo-

Figure 2. Typical spectrum at N=3×1010 ppb.
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Figure 3. Spectrum analyzer data vs. stored charge.

Figure 4. Oscilloscope traces of the instability signal
for different values of stored charge.
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bands to high frequency revolution harmonics. This signal
is subsequently amplified, and higher order mixing prod-
ucts are removed by a low pass filter. During our experi-
ments the major settings were as follows. The central
frequency of the spectrum analyzer was set to the 1149th
revolution harmonic which is roughly 9.77 GHz. The span
was 500 kHz, and the resolution and video bandwidths
were 1 kHz. This results in the sweep time of 2 s and,
moreover, two subsequent sweeps were video averaged.
The oscilloscope was AC coupled. It was set to 1 ms/div
and the trace length was 2000 points.

The oscilloscope and the spectrum analyzer were con-
trolled through the GPIB bus from a UNIX host running
HP-VEE. This program was saving the data onto the local
disk and also communicated with the SLC control system
VAX via Ethernet. That host was in turn running the corre-
lation plot routine that recorded the values of the stored
current as well as various RF system parameters. In addi-
tion, prior to recording each data point the control system
was sending a trigger that we used for the oscilloscope.
The spectrum analyzer was free running but the HP-VEE
program guaranteed that the data was acquired synchro-
nously with the oscilloscope trace. This procedure allowed
us to attach the value of beam current to every pair of
traces recorded. The data taking rate was a fraction of a Hz
which was adequate for a typical beam lifetime of several
minutes.

3  MEASUREMENT RESULTS

In the course of our measurements several dozen beam
stores at various accelerating voltages were recorded. Each
store lasted about seven minutes that allowed initial beam

current of ~3.5×1010 ppb to decay roughly a factor of two
and to a value below the instability threshold. Detailed
analysis of the data including the dependence of instability
properties on the RF voltage will be presented elsewhere
[5]. In this paper we will illustrate some of the most inter-
esting aspects of our measurements using the data for the
RF voltage of VRF=690 kV as determined from the mea-
sured synchrotron frequency.

The typical spectrum analyzer sweep when the qua-
drupole mode of the instability is present is shown in Fig.
2. One can clearly see the instability sidebands to the revo-
lution harmonic displaced by about 160 kHz. This is
roughly 10% lower than twice the zero current synchro-
tron frequency at this RF voltage. To represent the change
of the instability spectrum with current we use a contour
plot of all the spectrum analyzer sweeps for each store as
shown in Fig. 3.

One can see how the instability jumps from sextupole

to a quadrupole mode in the region of 3.2-3.4×1010 ppb.

The quadrupole mode threshold is about 1.7×1010 ppb.
Note that other than this mode switching the instability
behavior with current seems to be mundane. The fre-
quency of the quadrupole mode is linearly decreasing at a

rate of ~5 kHz/1010 ppb. Such a behavior is usually attrib-
uted to the inductive portion of the ring impedance.

The picture, however, becomes more interesting if
along with the spectrum analyzer data we consider oscillo-

Figure 2. Typical spectrum at N=3×1010 ppb.
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Figure 3. Spectrum analyzer data vs. stored charge.

Figure 4. Oscilloscope traces of the instability signal
for different values of stored charge.
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bands to high frequency revolution harmonics. This signal
is subsequently amplified, and higher order mixing prod-
ucts are removed by a low pass filter. During our experi-
ments the major settings were as follows. The central
frequency of the spectrum analyzer was set to the 1149th
revolution harmonic which is roughly 9.77 GHz. The span
was 500 kHz, and the resolution and video bandwidths
were 1 kHz. This results in the sweep time of 2 s and,
moreover, two subsequent sweeps were video averaged.
The oscilloscope was AC coupled. It was set to 1 ms/div
and the trace length was 2000 points.

The oscilloscope and the spectrum analyzer were con-
trolled through the GPIB bus from a UNIX host running
HP-VEE. This program was saving the data onto the local
disk and also communicated with the SLC control system
VAX via Ethernet. That host was in turn running the corre-
lation plot routine that recorded the values of the stored
current as well as various RF system parameters. In addi-
tion, prior to recording each data point the control system
was sending a trigger that we used for the oscilloscope.
The spectrum analyzer was free running but the HP-VEE
program guaranteed that the data was acquired synchro-
nously with the oscilloscope trace. This procedure allowed
us to attach the value of beam current to every pair of
traces recorded. The data taking rate was a fraction of a Hz
which was adequate for a typical beam lifetime of several
minutes.

3  MEASUREMENT RESULTS

In the course of our measurements several dozen beam
stores at various accelerating voltages were recorded. Each
store lasted about seven minutes that allowed initial beam

current of ~3.5×1010 ppb to decay roughly a factor of two
and to a value below the instability threshold. Detailed
analysis of the data including the dependence of instability
properties on the RF voltage will be presented elsewhere
[5]. In this paper we will illustrate some of the most inter-
esting aspects of our measurements using the data for the
RF voltage of VRF=690 kV as determined from the mea-
sured synchrotron frequency.

The typical spectrum analyzer sweep when the qua-
drupole mode of the instability is present is shown in Fig.
2. One can clearly see the instability sidebands to the revo-
lution harmonic displaced by about 160 kHz. This is
roughly 10% lower than twice the zero current synchro-
tron frequency at this RF voltage. To represent the change
of the instability spectrum with current we use a contour
plot of all the spectrum analyzer sweeps for each store as
shown in Fig. 3.

One can see how the instability jumps from sextupole

to a quadrupole mode in the region of 3.2-3.4×1010 ppb.

The quadrupole mode threshold is about 1.7×1010 ppb.
Note that other than this mode switching the instability
behavior with current seems to be mundane. The fre-
quency of the quadrupole mode is linearly decreasing at a

rate of ~5 kHz/1010 ppb. Such a behavior is usually attrib-
uted to the inductive portion of the ring impedance.

The picture, however, becomes more interesting if
along with the spectrum analyzer data we consider oscillo-

Figure 2. Typical spectrum at N=3×1010 ppb.
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Figure 3. Spectrum analyzer data vs. stored charge.

Figure 4. Oscilloscope traces of the instability signal
for different values of stored charge.
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